These results suggest a rolling or subunit switching mechanism for processive ATP-driven translocation of the dimeric Rep helicase along ssDNA. Such a mechanism requires the extreme negative cooperativity for DNA binding to the second subunit of the Rep dimer, which insures that the doubly DNA-ligated Rep (P 2 S 2 ) dimer is formed only transiently and relaxes back to the singly ligated Rep (P 2 S) dimer. The fact that other oligomeric DNA helicases share many functional features with the dimeric Rep helicase suggests that similar mechanisms for translocation and DNA unwinding may apply to other dimeric as well as hexameric DNA helicases.
Introduction
DNA helicases are enzymes that function during DNA replication, recombination, and repair to unwind and separate the complementary strands of duplex DNA in reactions that are coupled to the binding and hydrolysis of nucleoside triphosphates Lohman, 1992 Lohman, , 1993 Matson & Kaiser-Rogers, 1990 ). As such, DNA helicases are motor proteins (Moore & Lohman, 1995) with functional similarities to the microtubule based motor proteins, dynein and kinesin (Hackney, 1994; Gilbert et al., 1995; Schnapp, 1995) . All DNA helicases that have been examined in detail assemble into oligomeric structures and the forms of the DNA helicases that are functional in DNA unwinding appear to be oligomeric, generally dimeric or hexameric Lohman, 1992 Lohman, , 1993 . This oligomeric nature provides DNA helicases with multiple potential DNA and nucleoside triphosphate (NTP) binding sites, which have been proposed to play essential roles in both translocation of the helicase along its DNA filament as well as in duplex DNA unwinding Lohman, 1992 Lohman, , 1993 .
The Escherichia coli Rep helicase functions in DNA replication and was originally identified based on its requirement in bacteriophage fX174 replication (Lane & Denhardt, 1975) . The Rep protein is monomeric (M r 76,400) in the absence of DNA, but is induced to form a homo-dimer upon binding either single stranded (ss) or duplex DNA (Chao & Lohman, 1991; Bjornson et al., 1996) , and the dimer is the functional form of the helicase (Chao & Lohman, 1991; Amaratunga & Lohman, 1993; Bjornson et al., 1994) . Both subunits of the Rep dimer can bind either ss or duplex DNA; however, DNA binds with much lower affinity to the second subunit of the Rep dimer, reflecting distinct negative cooperativity . Although the individual subunits of the Rep dimer bind ss and duplex DNA competitively, a Rep dimer can bind ss and duplex DNA simultaneously to form a P 2 SD complex in which each conformation of DNA is bound to a separate subunit . Furthermore, nucleotides allosterically regulate the affinity of both ss and duplex DNA for the second site of the Rep dimer . At equilibrium (4°C, pH 7.5, 5 mM MgCl 2 , 2 mM nucleotide), ADP favors formation of the P 2 S 2 Rep dimer in which ssDNA is bound to both subunits, whereas AMPPNP, a non-hydrolyzable ATP analog, favors formation of the P 2 SD complex . These equilibrium binding studies led to the proposal of a ''rolling'' mechanism for DNA unwinding by the functional Rep dimer . Single turnover kinetic studies of DNA unwinding support this mechanism of DNA unwinding and rule out mechanisms in which the helicase interacts only with ssDNA (Amaratunga & Lohman, 1993; Bjornson et al., 1994) . The experiments of Amaratunga & Lohman (1993) also indicate the functional importance for DNA unwinding of the two DNA binding sites of the dimeric Rep helicase.
To examine the individual monomer and dimer states of the Rep protein bound to ss and duplex DNA, we have used ss oligodeoxynucleotides (S) that are short enough (16 nucleotides) so that only a single Rep monomer (P) can bind to each oligodeoxynucleotide (Chao & Lohman, 1991; Bjornson et al., 1996) . Based on equilibrium and kinetic studies , the minimal mechanism for the binding of the ss oligodeoxynucleotide, dT(pT) 15 , to the Rep monomer and subsequent Rep dimerization is summarized in Figure 1 . Rep monomer binds to dT(pT) 15 to form PS, which isomerizes to PS*, which can then form Rep dimers of two types: P 2 S, in which only one subunit of the dimer is bound to ssDNA, and P 2 S 2 , in which both Rep subunits are bound to ssDNA. The ATPase activity of Rep is dramatically dependent on both its DNA ligation state and its state of oligomerization; k cat for ATP hydrolysis increases from 0.002 s −1 for P to 2 s −1 for (PS + PS*) to 18 s −1 for P 2 S to 70 s −1 for P 2 S 2 . In studies designed to examine the coupling of ATP hydrolysis to translocation along ssDNA, have shown that the steady state ATPase activities of the Rep monomer bound to dT(pT) 15 (PS) or the Rep dimer with one subunit bound to dT(pT) 15 (P 2 S) are unaffected by crosslinking of the protein to the DNA. This result establishes that translocation of the Rep helicase along ssDNA does not occur by a unidirectional sliding mechanism (i.e. where the same subunit maintains contact with the DNA). However, those studies suggested that one potentially important consequence of ATP hydrolysis might be to accelerate the dissociation of ssDNA from a P 2 S 2 Rep dimer in which both subunits are bound with ssDNA (see Figure 1) . In this paper, we show directly, using fluorescence stopped-flow experiments, that ATP hydrolysis greatly accelerates the binding and release of ssDNA from alternating subunits of the Rep dimer through transient formation of a P 2 S 2 dimer intermediate. These observations suggest that ATP-driven translocation of the Rep dimer along polymeric ssDNA occurs by a rolling, or subunit switching mechanism. The observed negative cooperativity of DNA binding to the Rep dimer is critical for a mechanism of this type.
Results

ATP accelerates the rate of exchange of ssDNA on the Rep dimer
The experiments reported here were performed with a fluorescent 16-base ss oligodeoxynucleotide, d(T 5 (2-AP)T 4 (2-AP)T 5 ), designated F, where 2-AP is the fluorescent base 2-aminopurine, and a nonfluorescent ss oligodeoxynucleotide, dT(pT) 15 , designated S. The advantage of using such single site size oligodeoxynucleotides is that we can examine the kinetics of DNA binding to and release from individual binding sites within the dimeric helicase. We have previously shown that the 2-AP fluorescence emission intensity of F is enhanced 02.4-fold upon formation of the singly ligated P 2 F Rep dimer . Therefore, net dissociation of F from P 2 F is accompanied by a loss of fluorescence emission intensity which can be monitored continuously in a stopped-flow experiment.
Previous studies performed in the absence of ATP have shown that binding of ssDNA to the P 2 F dimer facilitates dissociation of F via transient formation of a P 2 FS intermediate . The affinity of the ss oligodeoxynucleotide, dT(pT) 15 , to the first subunit of the Rep dimer is extremely high under our reaction conditions (4°C, Buffer A: 20 mM Tris (pH 7.5), 6 mM NaCl, 5 mM MgCl 2 , 5 mM 2-mercaptoethanol, 10%(v/v) glycerol) with an estimated lower limit for the equilibrium binding constant of e5 × 10 13 M −1 and a corresponding upper limit of E5 × 10 −5 s −1 for the rate constant for direct dissociation of S from P 2 S . Due to extreme negative Figure 1 . a, The minimal kinetic scheme and rate constants describing dT(pT)15 (S) binding to the Rep monomer (P). PS and PS* denote different conformations of Rep monomer bound to S, P2S is the singly ligated Rep dimer and P2S2 is the Rep dimer with S bound to both subunits. The rate constants shown were determined under the conditions of our experiments, 4°C in Buffer A (20 mM Tris (pH 7.5 at 4.0°C), 6 mM NaCl, 5 mM MgCl2, 5 mM 2-mercaptoethanol, 10% (v/v) glycerol) in the absence of ATP. b, A cartoon depicting the four Rep species, P, PS, P2S, and P2S2. cooperativity, the equilibrium constant for binding a second molecule of dT(pT) 15 to P 2 F is a factor of 010 8 lower Bjornson et al., 1996) . Still, ssDNA binding to the second DNA binding site can be observed at high concentrations of competitor DNA (S) by monitoring the increase in the dissociation rate constant of F upon formation of the doubly ligated P 2 SF Rep dimer . Figure 2 shows two stopped-flow kinetic traces monitoring the net dissociation of fluorescent ss oligodeoxynucleotide (F) from pre-formed P 2 F Rep dimers (100 nM) after mixing with an excess of dT(pT) 15 (1 mM) at 4.0°C in Buffer A. In the absence of ATP (Figure 2a) , the time course of the fluorescence quenching, corresponding to net dissociation of F, is well described by a single exponential but is quite slow (half-life (t 1/2 ) 1 200 seconds). However, inclusion of 1 mM ATP with the ssDNA competitor (Figure 2b ) increases the net rate of dissociation of F by 060-fold (t 1/2 1 4 seconds). However, a more complex kinetic time course is observed with a rapid enhancement of fluorescence preceding the quenching of 2-AP fluorescence.
To determine the origin of the multiphasic 2-AP fluorescence changes observed in Figure 2b , we examined the exchange reaction as a function of competitor DNA concentration in the presence of 1 mM ATP. The top kinetic trace in Figure 3a shows that even in the absence of competitor ssDNA, the 2-AP fluorescence signal shows an initial increase, followed by a decrease within the first 2.5 seconds after mixing P 2 F with ATP. Under these conditions, the steady state rate of ATP hydrolysis by the P 2 F Rep dimer is 1822 s −1 per dimer and thus multiple rounds of ATP binding and hydrolysis occur during the first 2.5 seconds.
The 2-AP fluorescence changes observed in the absence of competitor DNA therefore result from the binding and hydrolysis of ATP by the P 2 F dimer, rather than dissociation of the ssDNA. In fact, we conclude that the fluorescent DNA remains bound to the P 2 F Rep dimer during steady state ATP hydrolysis (in the absence of competitor DNA) based on the following observations. First, the level of 2-AP fluorescence during steady state ATP hydrolysis (plateau level in the top trace in Figure 3a after 2.5 seconds) is greater than its value before ATP addition, whereas dissociation of F would be accompanied by a net decrease in fluorescence . Second, as shown in Figure 4 , the time course of ATP hydrolysis by the P 2 S Rep dimer remains linear until at least 60% of the ATP is hydrolyzed (at least ten minutes under these conditions (1 mM ATP)). Identical results are also observed in experiments performed at 4 nM P 2 S in the presence of 500 nM free Rep monomer (data not shown) indicating that the ssDNA is not released from the singly ligated P 2 S dimer during ATP hydrolysis . Since Rep dimers are not stable unless bound to DNA (Chao & Lohman, 1991; , dissociation of either the ssDNA or the P 2 S Rep dimer (to form monomers) would result in a significant decrease in the rate of ATP hydrolysis and thus a non-linear time course of ATP hydrolysis. This is because the k cat for ATP hydrolysis by either PS (2 2 0.5 s −1 ) or P (0.002 s −1 ) is significantly lower than for P 2 S (18 2 2 s −1 ) and re-formation of the P 2 S dimer would be rate-limiting under these conditions, occurring with a pseudo first-order rate of 00.23 s −1 , due to the low value of the bimolecular rate constant for dimerization (4.5 × 10 5 M −1 s −1 ; Bjornson et al., 1996 and see Figure 1 ). Finally, this conclusion is also supported by the fact that a P 2 S dimer in which the DNA is covalently crosslinked to one of the Rep subunits possesses the same steady state ATPase activity as uncrosslinked P 2 S dimer .
Stimulation of the rate of ssDNA dissociation occurs via a doubly ligated P 2 S 2 intermediate Figure 3a shows that upon mixing P 2 F with a solution of 1 mM ATP that also includes competitor ssDNA (dT(pT) 15 ) an additional decrease in 2-AP fluorescence is observed, reflecting net dissociation of the pre-bound fluorescent DNA (F). Furthermore, the apparent rate of dissociation of the fluorescent DNA increases with increasing competitor DNA concentration. In order to analyze these data quantitatively, we subtracted from each time course the change in 2-AP fluorescence that occurs in the absence of competitor DNA (top curve in Figure 3a ), since these fluorescence changes result solely from nucleotide binding and/or hydrolysis. The resulting time courses are shown in Figure 3b . The apparent dissociation rate constant (k obs,diss ), determined from the single exponential fits of the time courses in Figure 3b , increases hyperbollically with increasing competitor DNA concentration, even at a 500-fold excess of the competitor DNA. This indicates that the competitor DNA, in addition to acting as a trap for the Rep protein, also binds directly to P 2 F to form a transient P 2 SF intermediate in which both subunits of the Rep dimer are simultaneously bound to separate molecules of ssDNA and that net dissociation of the fluorescent DNA occurs via this P 2 SF intermediate. This agrees with the results of our equilibrium binding studies that have shown that oligodeoxynucleotides of this length and 70 s −1 for PS, P2S and P2S2, respectively; , this observed linearity indicates that the ligation state of the starting population of P2S did not change during the course of the reaction. The continuous line represents best fit of the P2S data to a constant rate of 8.6 mM ADP s −1 , corresponding under these reaction conditions to a specific activity for P2S of 17 s −1 . In contrast, the time course of hydrolysis by P2S2 is not linear past the initial 12 seconds of the time course. The best fit of the linear portion of the P2S2 time course (broken line) yields an observed rate of hydrolysis of 18 mM ADP s −1 . This rate, however, represents an ensemble average of activities contributed by an initial species distribution of 360 nM PS, 95 nM P2S, and 225 nM P2S2 formed transiently 60 seconds after the addition of 50 mM dT(pT)15 to 0.5 mM P2S. The non-linearity of ATP hydrolysis by P2S2 is due to the time-dependent redistribution of the P2S2 species. Under these reaction conditions (50 mM dT(pT)15), the species favored at equilibrium is PS. The continuous non-linear curve describing the time course of ATP hydrolysis by the P2S2 dimer was simulated using KINSIM (Barshop et al., 1983) and the scheme in Figure 1 based on a rate constant of 0.04 s −1 for dissociation of P2S2 to 2 PS* in the presence of ATP.
(dN(pN) 15 ) bind with 1:1 stoichiometry per Rep monomer or subunit of the Rep dimer Bjornson et al., 1996) . These results provide additional evidence for communication between the two DNA binding sites on the Rep dimer . However, although ATP hydrolysis accelerates the rate of ssDNA exchange by 060-fold, these two processes are not tightly coupled. The maximum rate of ssDNA exchange is 0.44 s −1 (determined from the value of k obs,diss in Figure 3c extrapolated to infinite competitor DNA concentration), whereas the k cat for ATP hydrolysis by the P 2 FS dimer is 070 s −1 under these same conditions . Therefore, 0160 molecules of ATP are hydrolyzed by Rep in its P 2 FS state for each ssDNA molecule exchanged. However, we note that the efficiency of this exchange reaction will be dependent upon solution conditions (e.g. temperature, pH, salt concentration).
In the presence of ATP, direct dissociation of one molecule of ssDNA from P 2 S 2 is kinetically favored over dissociation of the Rep dimer While it is clear that the ssDNA exchange reaction proceeds via a P 2 S 2 intermediate, two kinetically distinct pathways exist for dissociation of DNA from this intermediate (Figure 4a ): (1) direct dissociation of S from P 2 S 2 to form P 2 S, or (2) the initial dissociation of the P 2 S 2 dimer to form 2PS*, followed by dissociation of ssDNA from the Rep monomer. In the absence of ATP, we have previously shown that the favored pathway of DNA dissociation from P 2 S 2 is via dimer dissociation to form 2PS*, which occurs at a rate of 06.7 × 10 −3 s −1 ; direct dissociation of ss-DNA to form P 2 S occurs with a rate of E1.1 × 10 −3 s −1 . To distinguish between these two pathways in the presence of ATP, we examined the time course of steady-state ATP turnover by the P 2 S 2 Rep dimer that was formed transiently (Figure 4b) . We have previously shown that in the absence of ATP, a significant population of the P 2 S 2 dimer can be transiently formed by the addition of a large excess dT(pT) 15 (50 mM) to a pre-formed population of the P 2 S dimer, with the maximal amount of P 2 S 2 being formed between 40 and 60 seconds after addition of the excess dT(pT) 15 . We have also previously shown that the rate of ATP hydrolysis by P 2 S 2 (70 s −1 ) is 4.5-fold faster than by P 2 S (18 s −1 ) and 035-fold faster than by the DNA-bound monomer (PS + PS*) (2 s −1 ). We therefore reasoned that changes in the ATPase activity would be a sensitive means of monitoring any changes in the DNA ligation and oligomerization states of Rep. Figure 4b shows that the time course of ATP hydrolysis by the pre-formed P 2 S 2 dimer is initially linear for 10 to 12 seconds, after which the rate decreases with time. However, this observed loss of ATPase activity occurs too slowly to be due to direct dissociation of DNA from P 2 S 2 , which occurs with a rate constant of 0.44 s −1 as determined from the plateau value in Figure 3c and thus loss of activity would occur in <1-2 seconds. Furthermore, the rate of ATP hydrolysis decreases significantly below that expected for the P 2 S dimer (the time course of ATP hydrolysis by the P 2 S dimer is included for comparison in Figure 4b ). We therefore conclude that the observed loss of ATPase activity is caused by dissociation of P 2 S 2 to form 2PS* and that the rate of this process is significantly slower than 0.44 s −1 , the rate of dissociation of DNA from P 2 S 2 to form P 2 S. To obtain an estimate of P 2 S 2 dimer dissociation in the presence of 1 mM ATP, we simulated the time course of ATP hydrolysis by P 2 S 2 . The continuous line describing the data in Figure 4b is the simulated time course of hydrolysis based on the partitioning scheme in Figure 4a , the known k cat values for P 2 S, PS and P 2 S 2 , a rate constant of 0.44 s −1 for ssDNA dissociation from P 2 S 2 and the best-fit rate constant for P 2 S 2 dimer dissociation of 0.04 s −1 (in the presence of 1 mM ATP). Therefore, in the presence of ATP, the kinetically preferred pathway for the ssDNA exchange reaction proceeds via the dissociation of ssDNA from P 2 S 2 to form P 2 S. Interestingly, both the rate of P 2 S 2 dimer dissociation (0.04 s −1 ) and the rate of ssDNA dissociation (0.44 s −1 ) are increased substantially over their values in the absence of ATP (0.0067 and E0.0011 s −1 ), respectively.
ATP stimulation of the rate of ssDNA exchange requires nucleotide interactions with both subunits of the Rep dimer
Individual Rep monomers can bind ATP with high affinity, but hydrolysis occurs very slowly in the absence of a DNA cofactor . Hence each Rep dimer has two potential nucleotide binding sites. In order to probe the functional role for these two potential ATP binding sites, we examined the rate of ssDNA exchange on [ATP] by rapidly mixing P 2 F (100 nM) with an excess of competitor ssDNA (10 mM dT(pT) 15 ). Figure 5a shows that inclusion of 0.1, 0.2, 0.5, or 1.0 mm ATP had no effect on the kinetics of ssDNA exchange. However, for [ATP] e 5.0 mM, a fraction of the fluorescent DNA is observed to exchange at an accelerated rate. The fraction of d(T 5 (2-AP)T 4 (2-AP)T 5 ) exchanged in the fast phase depends hyperbolically on [ATP] with a K 1/2 = 9(22) mM as shown in Figure 5b .
The fluorescence intensity of 2-AP in d(T 5 (2-AP)T 4 (2-AP)T 5 ) is not only sensitive to Rep binding, but also is affected by nucleotide binding and hydrolysis as indicated in Figure 3 and thus must be sensitive to nucleotide-induced conformational changes in the Rep protein. Figure 6 shows the first ten seconds of the observed changes in 2-AP fluorescence upon mixing 100 nM P 2 F with 10 mm dT(pT) 15 containing increasing concentrations of ATP. The amplitude of the initial rise and fall of the 
2-AP fluorescence increases with increasing [ATP]
, indicating that ATP is bound and hydrolyzed even at ATP concentrations E1 mM, although these low ATP concentrations have no effect on the kinetics of ssDNA exchange as shown in Figure 5 . In fact, independent ATPase experiments performed under these conditions confirm that ATP is efficiently hydrolyzed, even at [ATP] E1 mM (J. Hsieh, unpublished experiments). Therefore, the multiphasic changes in 2-AP fluorescence observed at [ATP] E1 mM represent multiple cycles of ATP binding, hydrolysis, and release which have no effect on the kinetics of ssDNA exchange. As shown in Figure 5b , ATP-induced acceleration of the ssDNA exchange rate is not observed until [ATP] e1 mM. Figure 6b shows that for [ATP] e5 mM, the initial ATP-induced enhancement of 2-AP fluorescence displays a splitting into two peaks. Furthermore, the first peak moves to earlier times at increasing concentrations of ATP. The onset of this splitting of the 2-AP fluorescence enhancement correlates with the onset of the increased rate of ssDNA exchange. Figure 6c indicates that saturation of the nucleotide-induced changes in 2-AP competitor DNA to form P 2 SF, since a single exponential time course would be expected in such a case (pseudo first order in competitor DNA). The observed multiphasic time course is indicative of a conformational change occurring subsequent to the binding reaction. When the same experiment is performed in the absence of ATP the fluorescence enhancement is much slower, t 1/2 1200 seconds, and shows a distinct lag period of approximately ten seconds (data not shown) consistent with the enhancement of 2-AP fluorescence being limited by a protein conformational change occurring after formation of the P 2 SF dimer.
Discussion
The results reported here indicate that a ss oligodeoxynucleotide remains bound with high affinity in the P 2 S Rep dimer even during ATP hydrolysis. However, binding of a second ssDNA molecule to the unfilled site of the P 2 S dimer stimulates dissociation of the pre-bound ssDNA via transient formation of a P 2 S 2 intermediate. More importantly, ATP hydrolysis by the Rep dimer stimulates the rate of this ssDNA exchange reaction by a factor of 060. Furthermore, acceleration of the ssDNA exchange reaction requires interaction of ATP with both sites of the P 2 S 2 dimer implicating cooperative interactions between the two subunits of the Rep dimer.
These observations further demonstrate the functional importance of the two subunits of the Rep dimer with respect to both DNA and nucleotide binding, as well as the importance of the allosteric effects of each ligand. These results also present the first clear evidence demonstrating a functional difference between the two ATP binding sites on the Rep dimer. Equilibrium studies of nucleotide binding to the E. coli Dna B hexamer (Bujalowski & Klonowska, 1993) and the phage T7 gene 4 protein have also shown the presence of two classes of nucleotide binding sites (or a negative cooperativity for nucleotide binding) on these hexameric helicases, although the functional importance of the high and low affinity binding sites has not been demonstrated. Here we show that the Rep dimer also possesses two nucleotide binding sites and furthermore that the acceleration of the ssDNA exchange reaction by ATP requires the interactions of nucleotides with both sites. It is likely that similar effects will be observed for the other DNA helicases, most of which appear to function as oligomers (Lohman, 1992 (Lohman, , 1993 . The fact that the fluorescence intensity of the 2-aminopurine within the ssDNA is sensitive to the binding and hydrolysis of ATP is also intriguing and suggests that these allosteric interactions are accompanied by major changes in conformation of the Rep dimer. fluorescence occurs at [ATP] e100 mM. We therefore conclude that both subunits of the Rep dimer must bind and/or hydrolyze ATP to accelerate the rate of ssDNA exchange.
The rate of ssDNA exchange is limited by a protein conformational change
To further probe the mechanism of this ssDNA exchange reaction, P 2 F (200 nM) was pre-formed in the presence of 1 mM ATP (hence ATP was undergoing steady-state hydrolysis) and then mixed with 2 mM competitor DNA (dT(pT) 15 ). As shown in Figure 7 , the time course of the 2-AP fluorescence decrease, reflecting the displacement of pre-bound F, is similar to the time course in Figure 2b , where the ATP was added with the competitor ssDNA. However, the initial changes in 2-AP fluorescence observed in Figure 2b , due to the nucleotide binding and hydrolysis, are not observed in Figure 7 . Instead, a lag phase of approximately one second precedes the fluorescence decrease. Also shown in Figure 7 is the complementary experiment in which the P 2 S Rep dimer, containing non-fluorescent DNA is premixed with ATP and allowed to undergo steady state hydrolysis and then mixed with an excess of the fluorescent DNA (F) as the competitor ssDNA. In this case, a similar time course is observed, although with an enhancement of 2-AP fluorescence resulting from the net exchange of F into the Rep dimer. The increase in 2-AP fluorescence observed in this experiment does not directly reflect the binding of the fluorescent can bind a second ssDNA to its low affinity subunit (rectangle) to form an asymmetric P2SF complex. Asterisks (red) on the DNA substrate denote the fluorescent nucleotide 2-aminopurine, where the changes in asterisk size reflect the changes in fluorescence intensity. A rate-limiting isomerization step switches the relative DNA affinities of the two Rep subunits. The fluorescent DNA can then be released rapidly from the new low affinity site. The reaction pathway is symmetric: proceeding from left to right corresponds to the (P2F + S) experiment shown in Figures 5 and 2b , whereas proceeding from right to left corresponds to the (P2S + F) experiment in Figure 7 . ATP hydrolysis is indicated above the isomerization step because this step is accelerated 060-fold during ATP turnover. b, Subunit switching model describing ATP-driven translocation of the Rep dimer on polymeric ssDNA. Binding of a distal segment of ssDNA into the free low affinity DNA site on the Rep dimer is followed by isomerization and release of the originally bound (blue) subunit. Note that a tight contact (oval subunit) is maintained with the ssDNA lattice during all steps of the cycle. Since ATP hydrolysis accelerates the subunit switching isomerization as in a above, it therefore accelerates the rate of linear translocation (by rolling) of the Rep dimer on the DNA lattice.
A model for processive ATP-driven translocation of the helicase along ssDNA: a role for negative cooperativity in DNA binding to the Rep dimer A kinetic model for the ss oligodeoxynucleotide exchange reaction is shown in Figure 8a . The P 2 F Rep dimer is shown as asymmetric with a high affinity ssDNA site (oval) and a low affinity site (square). The fluorescent 2-aminopurines within the ss oligodeoxynucleotides are denoted by asterisks. The first step in the exchange reaction involves binding of competitor DNA to the low affinity site to form a transient P 2 FS dimer. This is followed by a rate-limiting conformational change in the Rep dimer that switches the relative ssDNA affinities of the two sites, reducing the affinity of the tight DNA binding site and enhancing the affinity of the weak site. The originally bound fluorescent DNA, now in the low affinity site, can then dissociate rapidly from the Rep dimer. The rate of this conformational change is accelerated by ATP hydrolysis, however, the coupling efficiency between the two processes is very low (0160 ATPs hydrolyzed per ssDNA exchanged). This is partly because all intermediates in Figure 8a readily bind and hydrolyze ATP, whereas dissociation of the fluorescent DNA is only stimulated upon binding a second DNA molecule. Although this low efficiency may seem surprising, we emphasize that the physiological role of Rep is not to translocate along ssDNA, but rather to bind to and unwind duplex DNA. In fact, we know that the rate of ATP hydrolysis by the Rep dimer is reduced significantly upon binding duplex DNA (Moore & Lohman, 1995) . Therefore, the efficiency of ATP hydrolysis is expected to increase during DNA unwinding.
Our results suggest a ''rolling'' or ''subunit switching'' mechanism for ATP-driven translocation of the dimeric Rep helicase along a polymeric ssDNA lattice as shown in Figure 8b . In this model
Rep translocates by using its ability to bind and release ssDNA from alternating subunits. This mechanism for translocation is also consistent with our previously proposed ''active, rolling'' model for Rep helicase-catalyzed unwinding of duplex DNA . However, in the course of DNA unwinding the free subunit of the Rep dimer would bind to the duplex rather than the ssDNA due to the allosteric effect of ATP which favors formation of a P 2 SD intermediate in which ss and duplex DNA are bound simultaneously to the Rep dimer . Disruption of the hydrogen bonds within the duplex DNA would be coupled to ATP hydrolysis and would reform the P 2 S 2 complex after displacement of the 5' single strand. Dissociation of one subunit from the ssDNA would then make it available to rebind duplex DNA and continue the unwinding cycle.
Maintaining a tight contact of the Rep dimer with the DNA lattice at all times is a prerequisite for processive translocation and unwinding. This is insured since ssDNA binds with high affinity to one site of the Rep dimer. The negative cooperativity for DNA binding to the Rep dimer ensures that the other Rep subunit is free to bind DNA transiently and form a P 2 S 2 (or P 2 SD) intermediate while also insuring that the P 2 S 2 intermediate will only form transiently (a ''high energy'' intermediate). If DNA binding to the two subunits of the Rep dimer were positively cooperative or even non-cooperative, then the P 2 S 2 intermediate would be too stable relative to the P 2 S state due to the high local concentration of DNA on a linear lattice, and thus translocation and unwinding would be impeded. Other helicases, including some of the hexamers, also display strong negative cooperativity for DNA binding (Hingorani & Patel, 1993; Bujalowski & Jezewska, 1995) , hence translocation along ssDNA by a similar subunit switching mechanism seems possible for those helicases as well. In fact, the similarities between this translocation mechanism and the ''hand over hand'' mechanisms proposed for translocation of the dimeric kinesin motor protein along microtubules (Hackney, 1994; Gilbert et al., 1995; Schnapp, 1995) suggest that translocation of motor proteins along linear filaments may generally occur by similar subunit switching mechanisms.
On the other hand, Rep seems to possess a low processivity for DNA unwinding in vitro in the absence of accessory proteins (Smith et al., 1989) . However, this is likely due to dissociation of the Rep dimer into monomers, rather than direct dissociation of the dimer from the DNA. Due to the high degree of negative cooperativity for ssDNA binding to the Rep dimer Bjornson et al., 1996) , formation of the P 2 S 2 complex destabilizes the dimer, leading to ssDNA dissociation by two possible pathways. The P 2 S 2 dimer will either dissociate to form PS monomers, followed by rapid dissociation of ssDNA which stops the unwinding reaction, or ssDNA will dissociate from one subunit of the Rep dimer to form P 2 S and continue unwinding. Under the conditions of our experiments in the absence of ATP, the kinetically preferred pathway is dissociation of the Rep dimer, which occurs with a rate constant of 0.0067 s −1 , much faster than dissociation of ssDNA from one subunit of P 2 S 2 (E10 −3 s −1 ) . However, the relative magnitudes of these rates are reversed by ATP hydrolysis. Although ATP hydrolysis increases the rate constants for both of these pathways, the rate constant for direct dissociation of S from P 2 S 2 to form P 2 S (0.44 s −1 ) is greater than the rate constant for dimer dissociation (0.04 s −1 ) and thus formation of P 2 S is favored during ATP hydrolysis as is required for translocation and DNA unwinding. Therefore, under our conditions in vitro (Buffer A, 4°C), the Rep dimer is predicted to translocate with a processivity, P = 0.44/(0.44 + 0.04) = 0.917, and thus will dissociate into monomers after an average of (1 − P) −1 1 12 steps . Of course, these rates will change with solution conditions and temperature.
Based on the above model, the DNA unwinding processivity of Rep could be increased by increasing the stability of the Rep dimer. One possible mechanism to accomplish this is through an accessory protein that binds to and stabilizes the Rep dimer during unwinding. In fact, the phage fX174 gene A protein, which does interact directly with Rep (Sumida-Yasumoto et al., 1978) , and the phage f1 gene 2 protein (Geider et al., 1982) , both appear to increase Rep's unwinding processivity Scott et al., 1977) . Furthermore, the C-terminal region of the Rep polypeptide has been implicated in interactions with both of these accessory proteins (Chao & Lohman, 1990) . Stabilization of the Rep dimer by such a mechanism would maintain high processivity without the need for the helicase to encircle the DNA topologically as has been proposed for the hexameric DNA helicases (Egelman et al., 1995) .
Materials and Methods
Buffers and Rep protein
Buffers were made with reagent grade chemicals using glass distilled water that was deionized using a Milli-Q System (Millipore Corp., Bedford, MA). Buffer A is 20 mM Tris-HCl titrated to pH 7.5 at 4.0°C, 6 mM NaCl, 5 mM MgCl2, 5 mM 2-mercaptoethanol and 10% (v/v) glycerol (spectrophotometric grade, Fisher, Fair Lawn NJ). E. coli Rep protein was purified to >99% homogeneity as described (Lohman et al., 1989) , and its concentration determined spectrophotometrically, based on the extinction coefficient for the monomer of e280 = 7.68 × 10 4 M −1 cm −1 (Amaratunga & Lohman, 1993) .
DNA substrates
The oligodeoxynucleotides used in these studies were hexadecamers (dN(pN)15) and were synthesized using an ABI model 391 Automated DNA Synthesizer (Applied Biosystems, Foster City, CA) with standard b-cyanoethyl phosphoramidite chemistry. Phosphoramidites, including 2-aminopurine (2-AP) were purchased from Glenn Research (Sterling VA). The sequence of the oligodeoxynucleotide containing 2-AP is 5'-d(TTTTT(2-AP)TTTT(2-AP)TTTTT), and is identical to that used in our previous studies . Oligodeoxynucleotides were deblocked and purified to >99% homogeneity by polyacrylamide gel electrophoresis (PAGE) as described (Amaratunga & Lohman, 1993) . The oligodeoxynucleotide concentrations were determined by absorbance at 260 nm using extinction coefficients of 115,400 M −1 cm −1 for d(T5(2-AP)T4(2-AP)T5), 129,600 M −1 cm −1 for dT(pT)15.
Fluorescence stopped-flow kinetics
Stopped-flow fluorescence experiments were carried out in Buffer A at 4°C using an Applied Photophysics !SX17MV stopped-flow (Applied Photophysics Ltd. Leatherhead, U.K.) supplied with a 150 W Xe arc lamp. 2-Aminopurine fluorescence was excited at 315 nm and its emission was monitored at wavelengths >350 nm (Ward et al., 1969 ) using a cut-on filter (Oriel Cat. no. 51260) as described . All slit widths were 1-2 mm. All concentrations reported are the final concentrations of reactants in the flow cell after mixing. Reactants were stored on ice and then incubated for at least five minutes in the stopped-flow prior to mixing in order to thermally equilibrate the samples at 4.0°C. In some cases the fluorescence amplitude or the initial fluorescence starting point has been normalized to facilitate comparison of kinetic traces. Although the fluorescence time courses are complex, we have shown them to be extremely reproducible in multiple independent experiments.
Time course of ATP hydrolysis by the singly-ligated Rep dimer (P2S)
Time courses of ATP hydrolysis by Rep were determined by monitoring the conversion of [a-32 P]ATP to [a- 32 P]ADP at 4°C in Buffer A as previously described . Thin layer chromatography on polyethyleneimine(PEI)-cellulose (E. Merck, Darmstadt, Germany) was used to separate [a- 32 P]ATP from [a-32 P]ADP and these were quantified by direct imaging on a Betascope 603 (Betagen, Waltham, MA) . Assays were performed at final total concentrations of 1 mM ATP and 1.0 mM to Rep monomers. The singly ligated Rep dimer, P2S, was formed by preincubation of Rep (1.0 mM total Rep monomers) with 0.5 mM dT(pT)15. The time course of ATP hydrolysis by P2S was linear for >80 second (in general, until >60% of the starting ATP has been hydrolyzed).
ATP hydrolysis by the doubly-ligated Rep dimer (P2S2)
As discussed previously , the doubly ligated Rep dimer, P2S2, cannot be formed exclusively at equilibrium and thus was formed transiently by adding 50 mM dT(pT)15 to 0.5 mM P2S and incubating for 60 seconds. This mixture was then immediately mixed with [a- 32 P]ATP and quenched with EDTA (300 mM) after the indicated time using a Rapid Quench-Flow Apparatus (KinTek RQ-3, State College, PA) and the amount of [a-
32 P]ATP and [a-32 P]ADP were quantified as described above. Initial concentrations of the various Rep species present after the 60 seconds incubation were determined using KINSIM (Barshop et al., 1983) according to the rate constants in the Scheme in Figure 1 determined in the absence of ATP . The time course of ATP hydrolysis was also simulated using KINSIM based on the kinetic partitioning scheme shown in Figure 4a . The ATPase activities of P2S2, P2S, and PS + PS* were fixed at 70 s −1 , 18 s −1 , and 2 s −1 , respectively and the rate constant for ssDNA dissociation from P2S2 was fixed at 0.44 s −1 . The rate constant for dT(pT)15 binding to P2S in the presence of ATP was determined from the fit to be >2 × 10 4 M −1 s −1 . The rate constant for P2S2 dissociation to form 2PS* was determined from the fit to be 0.04(20.01) s −1 . The fit was not sensitive to the rate of PS* dimerization to form P2S2.
